In recent ten years, 3D printing technology has been developed rapidly. As an advanced technology, 3D printing has been used to fabricate complex and high-precision objects in many fields. 3D printing has several technologies. Among these technologies, photo-curing 3D printing was the earliest and most mature technology. In 1988, the first 3D printing machine which was based on photo-curing and called Stereo lithography Appearance (SLA) technology was produced by 3D system Corp. After 30 years of development, many new technologies based on photocuring mechanism emerged. Based on the different principle of pattern formation and character of printing technology, numerous photocuring 3D printing techniques, such as SLA, DLP, LCD, CLIP, MJP, twophoton 3D printing, holographic 3D printing and so on, have been developed. Photo-curing 3D printing has many advantages, such as high precision, smooth surface of printing objects, rapid printing speed and so on. Here, we would introduce five industrial photocuring 3D printing technologies, which are SLA, DLP, LCD, CLIP and MJP. The characters of the materials and the progress of the application of the technique in the biomedical field is also overviewed. At last, the difficulties and challenges of photo-curing 3D printing are also discussed.
Introduction
3D printing, commonly known as additive manufacturing technology, is a practice of making three dimensional objects through layer by layer printing [1] . 3D printing technology is an interdisciplinary technology which includes machinery, computer technique, numerical control, material technology. Usually, the process of 3D printing contains three steps: firstly, the design of the 3D models by computer modeling software; secondly, the 3D model being cut into slices; finally, printing the model layer by layer [2] . Thus, in theory, any complex three-dimensional model could be fabricated by 3D printing technique [3] . The applications of 3D printing have expanded not only covering traditional manufacturing but also electronics, medical and other industries. 3D printer can print almost any item ranging from small thing such as jewelry, toy, gadget, teeth to large one such as engine, car, house and so on [4] .
Since the concept of 3D printing technology was proposed in 1980s, 3D printing technique has been developed rapidly and many technologies were appeared [5] . Among these 3D printing techniques, photocuring 3D printing is the earliest 3D printing technology. It is based on photopolymerization technique and the photosensitive liquid resin is used as material. The resin could be cured only under light irradiation.
Without irradiation, the resin keeps liquid. Thus, after printing, the models could be separated from resin easily and quickly. Due to the high precision and fast polymerization rate of photocuring technique, the models could be rapidly printed.
According to the principle of pattern formation and the control system, photocuring 3D printing had different techniques, such as stereo lithography appearance (SLA), digital light processing (DLP), liquid crystal display (LCD), multi-jet printing (MJP), continuous liquid interface production (CLIP), two-photon 3D printing(TPP), holographic 3D printing technology and other printing technologies [6] . The photocuring 3D printing technique has high printing speed, high precision, and the printing objects have smooth surface. However, due to being limited by the performance of photocured material, which is brittle, easy to deform, bad weather resistance and low biocompatibility, at present, the photocuring 3D printing technique and materials mostly used in the field of temporary replacement material, such as dental restoration, dental orthodontic, dental surgery, model, die and so on.
In this review, we would like to introduce relatively mature and commercialized photocuring 3D printing techniques, mainly including SLA, DLP, LCD, CLIP and MJP techniques. The characters, advantages and disadvantages, applications of each kind of photocuring 3D printing would be introduced. Moreover, the challenges and the opportunities of the photocuring 3D printing would be discussed in the end.
2. The techniques of photo-curing 3D printing 2.1. SLA 3D printing 2.1.
Technique overview
As the earliest technique of 3D printing, SLA technique is the most mature 3D printing technique and widely used in the industry. This technique was patented in 1986 by Charles Hull, co-founder of 3D Systems, Inc., a leader in the 3D printing industry. In present, large industrial photocuring 3D printing machine is mainly based on SLA technique.
Commonly, the wavelength of lamp used by SLA machine is 355 nm laser beam, the laser beam is above the resin tank and the exposure direction is from the top, the liquid resin is solidified when scanned by laser beam. A platform is lowered into the resin; thus, the surface of the platform is a layer-thickness below the surface of the resin. The laser beam then traces the boundaries and fills in a two-dimensional cross section of the model, after a layer of resin cured, the platform descends a distance with one layer, solidification is repeated through layer by layer until a solid 3D object is produced [7] . The pattern formation of every layer is controlled by the moving of laser beam. In theory, the laser beam could move over a large space. Therefore, the SLA printing technique could print large size models.
Material overview
The materials used in photocuring 3D printing is photosensitive resin. The photocuring mechanism would be chosen depending on the wavelength of the lamp and printing technology. Generally, the photosensitive resin which used in the SLA technique is based on the mechanism of cationic photopolymerization or hybrid photopolymerization [8] . There are three reasons for choosing such mechanism. Firstly, the wavelength of laser beam of SLA is 355 nm. At this wavelength, both radical and cationic photopolymerization could be proceeded; Secondly, volume shrinkage is the fatal weakness to photopolymerization, it could induce the strong internal stress which caused the deformation of material, eventually, the material would be broken. Otherwise, volume shrinkage results in the decline of the precision of printing model. Thus, volume shrinkage is disadvantage to the photocuring 3D printing and scientists try to overcome it [9] . It is well known that cationic photopolymerization has low or no volume shrinkage [10] . Therefore, if the light source matches with the absorption of cationic photoinitiator, cationic photosensitive resin is good choice to the photocuring 3D printing. Thirdly, the resins for cationic photopolymerization are less and the price of initiator is high, on the other hand, the photopolymerization induction period is long, thus, hybrid photosensitive resins, which means mixture of radical and cationic photosensitive resins, are often adopted. The hybrid resins could adjust the performance, printing rate and price of printing models.
Advantages and disadvantages of SLA technique
SLA is the earliest rapid prototyping technology with high maturity, stable printing process and numerous machine suppliers. Up to now, SLA is the only photocuring 3D printing technique which could print large size models. But SLA has low printing rate due to the curing rate depending on the moving of the laser beam. The larger size of the models, the slower the printing rate. In addition, the resins available for the cationic photopolymerization are limited [11] . The printing resolution depends on the size of laser beam, thus, compared with other photocuring technique, SLA has low resolution [12] . Even so, the precision of SLA technique is good enough to print the objects with complex structure and fine size. Until now, SLA is still an important printing technique and could be used in many fields, such as dental, toys, molds, automotive, aerospace field and so on [13] . [14] . The DLP chip is probably the most advanced optical switching device in the world to date, containing two million regular arrays of tiny microscopes that hinge on each other. Each microscope is about a fifth the size of a human hair. When the DLP chip coordinates with digital video or image signals, light sources, and projection lenses, the microscope can project a full digital image onto a screen or other surface. The advanced electronic devices of DLP and its peripherals are known as Digital Light Procession technology (data optical processing). The microscope switching times of DLP chips can reach thousands of times per second, reflecting the gray shadows of 1024 pixels, converting video or image signals input from DLP chips into rich grayscale images. Therefore, DLP 3D printing has high printing resolution which could print minimum size of 50 μm. Because semiconductor packaging materials do not tolerate UV light, the LED lamp with the wavelength of 405 nm is the light source of DLP 3D printing machine. DLP 3D printing is plane exposure, but the exposure area is limited. At present, the printable size can be 100*60 mm to 190*120 mm. The DLP 3D printing has the advantage to print the objects with small size and high precision [15] .
Material overview
Normally, the free radical photosensitive resin is used for DLP 3D printing. The reasons why do not use cationic photopolymerization are: Firstly, cationic photoinitiator could hardly work under 405 nm irradiation, some cationic photoinitiator could work under 405 nm, however, the price is too high to constrain its application. Secondly, t the light intensity of DLP 3D printing is not high enough to photolysis the cationic photoinitiators, which can't induce the photopolymerization [16] .
Advantages and disadvantages of DLP technique
The high precision is the greatest advantage of DLP 3D printing [17] . However, to guarantee the high precision, the size of the projection is limited. Therefore, DLP 3D printing only could print small size objects. On the other hand, the DLP technology is dominated by Texas instruments company and the price is high, therefore, the DLP 3D printer is very expensive [18] . Because DLP 3D printing technology has the character of high precision, meanwhile, it could only print the model with small size, thus, it is mainly used in the fields of jewelry casting and dentistry [19] .
LCD technique 2.3.1. Technique overview
Throughout all photocuring 3D printing technologies, from the laser-scanning SLA, to digital projection DLP, to the latest LCD printing technology, the main difference is the light source and imaging system, while, the control and stepping system have little difference. The biggest difference between DLP and LCD 3D printing technology is the imaging system. To LCD 3D printing technique, the liquid crystal display is used as imaging system. When an electric field is applied to a liquid crystal, it will change its molecular arrangement and prevent light from passing through. Thanks to the advanced liquid crystal display technology, the resolution of liquid crystal display is very high. However, during the electric field switches, small number of liquid crystal molecular cannot rearrange, resulting in weak light leakage. This caused the precision of LCD printing technology is inferior to the DLP [20] .
Material overview
In addition to the printing accuracy, the major difference between DLP and LCD 3D printing is the light intensity [21] . It is well known that light intensity is an important factor for photopolymerization which determines the speed of printing and curing degree. Therefore, only if increase the amount of initiator or extend the exposure time, the photosensitive resin for DLP 3D printing could be used in LCD 3D printing.
Advantages and disadvantages of LCD technique
LCD machine is very cheap, and has good resolution. However, the LCD has a short service life and needs to be replaced regularly, the light intensity of LCD 3D printing is very weak, because only 10% of the light could penetrate from the LCD screen and 90% of light is absorbed by the LCD screen. Moreover, as mentioned above, the partial light leakage could result in the transition exposure of photosensitive resin at the bottom, the liquid tank needs to be cleaned regularly. Now the LCD 3D photocuring machine is applied in the fields of dentistry, jewelry, toys and so on.
CLIP technique 2.4.1. Technique overview
On March 20, 2015, the CLIP technology (Continuous Liquid Interface Production), which was developed by Carbon 3D Corp, was reported on the cover of Science [22] . The key of this technique is the invention of the oxygen permeation membrane which helps the consecutive printing for the oxygen permeation to inhibit the radical polymerization. CLIP technique is an advanced technique of DLP. The basic principle of CLIP technique is not complicated, UV projection at the bottom makes photosensitive resin solidify, while the liquid resin at the bottom of the tank maintains a stable liquid area due to oxygen inhibition, thus ensuring the continuity of curing. Special window at the bottom allows light and oxygen to pass through. The most important advantages of the technology is that it can be used to produce objects in a disruptive way-25 to 100 times faster than DLP 3D printer, and the theoretical potential printing rate could go up to 1000 times of DLP technique and the stratification can be infinitely fine. The present 3D printing requires to cut the 3D model into many layers, similar to the superposition of slides, which results in that the roughness cannot be eliminated. While, the projection of the images of the CLIP technique can be continuous change, which is equivalent to the slide evolving into superposition video. This is a huge improvement over DLP projection technology [23] .
Material overview
Technically, CLIP technology is an upgrade of DLP technology, since both the light source and the imaging system are identical. Theoretically, the photosensitive resin used in DLP 3D printing could also be used in CLIP 3D printing. However, CLIP technology has high requirement on the viscosity of materials, especially in the case of rapid printing speed. It is easy to know, the rapid printing requires that liquid photosensitive resin can quickly move to the print area. Obviously, low viscosity resin with good fluidity can flow to the printing area in time, whereas the high viscosity resin has bad fluidity which causes the decline of print speed or the failure of print. Therefore, to the high viscosity resin, the advantages of rapid printing of CLIP technique would be lost.
Advantages and disadvantages of CLIP technique
It can be said that CLIP technology is the real 3D printing. It's a subversive technology to the present 3D printing technology.
Undoubtedly, the greatest advantage of CLIP technique is the rapid printing. Nevertheless, there are still some technique problems to be solved. Up to now, to achieve the rapid printing through CLIP technique, low viscosity resin and hollow model are required. The former ensures the fast complement of resin to the printing area, while the latter reduces the quantity of the resin which is needed every layer. Therefore, to the high viscosity resin and the solid models, the efficiency of CLIP technique is not high. In addition, the oxygen permeation membrane is expensive.
MJP technique

Technique overview
MJP technique, is also called PolyJet, patented by Objet, an Israeli company in 2000. The MJP 3D printing could print models efficiently, for many arrays of nozzles work together. According to the model slice data, hundreds to thousands of nozzles spray liquid photosensitive resin layer by layer on the platform when working, the printing nozzles move along the XY plane. When the photosensitive resin is sprayed to the working table, the roller will treat the surface of the sprayed resin flat, and the UV lamp will cure the photosensitive resin. After finishing the spray printing and curing of the first layer, the device's built-in workbench will drop a layer thickness with extreme accuracy, and the nozzles will continue to spray the photosensitive resin for the next layer of printing and curing. Repeatedly, until the entire workpiece is printed. Meanwhile, some other nozzles are responsible for printing fusible or soluble support materials [24] .
Material overview
Unlike SLA, DLP, LCD and CLIP 3D printing, the imaging control and lamp source of the MJP 3D printing are independent. In theory, the wavelength of the light source of MJP printing can be unrestricted. Thus, to MJP 3D printing, radical, cationic and hybrid photopolymerization could be chosen. In addition, the viscosity of the resin is important to the MJP 3D printing for the ink-jet needs low viscosity to ensure the ink injectable. Therefore, the low viscosity or nozzle with heating device is prerequisite.
Advantages and disadvantages of MJP technique
To MJP 3D printing, different materials can be sprayed for there are lots of nozzles. Thus, a variety of materials, multi-color materials could be printed at the same time, which can meet the needs of different materials, different colors, different stiffness and so on. Until now, MJP 3D printing is the only technology which could print multi-color models. MJP 3D printing has very high processing accuracy, which can print layer thickness as low as 16 μm. For the supporting materials are fusible or soluble, the process of removing the supports is damage-free and easily. Therefore, the surface of the printing models is smooth. At last, in theory, the print size is unlimited. However, the MJP printer machine is very expensive. The materials are also expensive and low viscosity is required. MJP technology could be applicated in the fields requiring high processing precision. Now it is often used in the jewelry casting, precision medicine and so on. Table 1 summarized the important characters of different photocuring 3D printing techniques.
The progress of photocuring 3D printing technique in biomedical applications
Photocuring 3D printing technique requires the printed materials to have photosensitive property. Commonly, the printed material is composed of photoinitiator, resin and monomer. However, to the biomedical application, the good biocompatibility is the most important property to the materials. However, most of the photosensitive resin materials are cytotoxic, due to the unreacted double bond, residual photoinitiator and so on. Therefore, photocuring 3D printing technique is not wide adopted in the biomedical applications. Nonetheless, photocuring 3D printing technique still has some applications in the field of biology such as indirect or transient contact with living body. Photocuring 3D printing materials for direct and long-term contacting with living body are still in the academic research.
The progress of application in indirect or transient contact with living body
Until now, the performances of biocompatibility are still the shortages of photocuring 3D printing material. Thus, the photocuring 3D printing material can be applied industrially on a large scale is mainly in the fields that do not require the direct contacting with the living body. Among these, the dental material fabricated by photocuring 3D printing is the largest consumption. 3D printing technique brought great innovation to dental technology. In the dental field, nearly all the gypsum models could be replaced by resin models which are fabricated by photocuring 3D printing. These models involve in orthodontic model, repair model, and so on. Besides, dental surgical guide which is transitory contact with oral mucosa is another dental material printed by photocuring 3D technique. Once the models are fabricated by photocuring 3D printing, the accuracy and efficiency of orthodontic and dental repair technology is improved greatly. Also, the mechanical strength of resin model, especially the abrasion resistance and toughness, is greatly improved. Since the size of these dental models are relatively small, except two-photon printing technology, the other photocurable 3D printing technologies can be used to print dental models. Among all dental models, dental orthodontic models have relatively low requirement of accuracy, and even SLA with relatively poor printing accuracy can meet the requirement. In industry, mass production of dental orthodontic models is printed by SLA technology, because the molding size of SLA technology is the largest, which can print dozens or hundreds of models each time. For small clinics or hospitals, DLP and LCD are used more often, for the quantity of the models is not so much. At present, DLP and LCD are the main technologies to be used to print repairing model and the surgical guide because of the high precision.
Except in the dental field, photocuring 3D printing technique is also used to print the auxiliary medical model. 3D printing medical model can be used for medical teaching, pre-operative simulation and case discussion. Visualization of the model can assist the surgeons to explain the state of an illness to patient and to help the preoperative disease analysis. It is beneficial for surgeons to simulate some complex operations, make the best operation plan, improve the operative successful rate and surgical results. Medical models are currently used for surgical simulation, spinal surgery, plastic surgery, otolaryngology and other surgical procedures.
The progress of application in direct contact with living body
So far, photocurable 3D printing has been difficult to be used in humans directly due to the low biocompatibility of photosensitive resin. Now, materials that can directly contact with human body through photocuring 3D printing are mainly inorganic materials. Bone materials with biological activities, such as hydroxyapatite and biological glass, are not photosensitive materials and need to be mixed with photosensitive resin. Therefore, the biological activity of products will be greatly affected after printing. Generally, after photocuring 3D printing, the material is dealt with sintering to remove the resin, leaving only the inorganic part, which is expected to be used as a substitute material for bones, teeth, etc. However, the volume shrinkage caused by the removal of organic matter needs to be compensated by software compensation technology, while the data calculation of special-shaped materials is very large, this software technical is not mature enough at present. At the same time, due to a large number of inorganic material filling, the resin is like paste and could not flow. Therefore, the photocurable 3D printing equipment for printing inorganic materials is unique. None of the printing devices described above can be implemented. More biomedical photocurable 3D printing materials are still in the academic research stage, involving scaffold printing, hydrogel printing and cell printing. Cui et al. [25] used PEG-DMA/ chondrocyte mixture solution as bio-ink to print cartilage defect sites under ultraviolet light. The result showed the cell survival rate was relatively high. However, in the process of photocurable printing, several factors, such as the photopolymerization reaction, different wavelength, laser power, exposure time and photoinitiator, affect the cell activity inevitably [26] , to some extent, limited the application of this print mode.
Some research groups prepared degradable biomedical support through photocurable 3D printing. It is known that polycaprolactone (PCLS), poly (lactic acid) (PLA), and medical polyurethane (PU), which is synthetic material, has been proved of good biodegradability and biocompatibility, and is widely used in the field of tissue engineering. Petrochenko et al. [27] used the photosensitive resin which was composed of polyurethane diacrylate (UDA) resin (Genomer 4215), two photosensitive diluents, 2-hydroxy-ethyl acrylate and glycol diacrylate to print support by SLA 3D printing technology, the printed sample was washed by 70% ethanol and 30% acetone solution repeatedly to remove the unpolymerized resin and diluent. Thus, the honeycomb scaffold with a porosity of up to 60% was obtained, mesenchymal stem cells (MSCs) were seeded on the surface of this honeycomb scaffold, it was found that the cells could be distributed on the porous scaffold evenly with a high adhesion rate, the pseudopodia of the cells were closely attached to the surface of the scaffold. With the regeneration of tissues or organs, the biodegradable scaffolds begin to degrade gradually, when the new tissue is fully grown, the scaffolds also completely degrade. Danilevicius et al. [28] successfully prepared tissue engineering scaffolds with three-dimensional porosity using PLA materials though SLA printing technology. They investigated the effects of porosity of scaffolds on physiological characteristics such as cell growth, adhesion and reproduction, the results showed that 3D printing technology can control arbitrary voids and porosity during the preparation of PLA tissue engineering scaffold model.
It is certain that photocuring 3D printing technology has many advantages, but its development and popularization in the field of biomedical materials are still limited by many factors. In the practical application, most of the photocuring 3D printing materials do not contact with the human body directly, such as in the field of dental restoration, dental orthodontic, dental surgery and so on. While, the application in biomedical field is mainly in the academic research stage [29, 30] . Custom-made capacity and high precision of the photocuring 3D printing technique entitles this technique quite meet to fabricate the tissue engineering material. However, confined by the limited biocompatibility of photosensitive resin, it is difficult to employ the photocuring 3D printing technique in the biomedical field at present. It requires the innovation and mutual collaboration of both printing technique and material. For example, commonly, in the present, the hydrogel is printed by the injection printing for the low strength of the hydrogel. The printed hydrogel is of low precision and rough surface. Some tough hydrogels have been developed; however, it requires high intensity and short wavelength of light. Meanwhile, to print the hydrogel, the printing space of 3D printing machine should be kept constant temperature and humidity to prevent moisture volatilization. Brief summary, photocuring 3D printing has a promising future in biomaterials, but it still needs to overcome the difficulties in technology and materials.
The existing problems and challenges of photocuring 3D printing
It is known that the photocuring 3D printing was developed initially, however, its market share in 3D printing is relatively low at present. The main reason is that the performance of material printed by photocuring 3D technique is weak and the printed objects cannot be directly used as structural parts. Generally, the performances of materials which are printed by photocuring 3D printing technique are brittle, poor toughness. These materials can't withstand impact. In addition, the poor biocompatibility of the photocuring 3D printing materials also limits its application in bioengineering materials. Currently, the photocuring 3D printing materials are mainly used as temporary materials, such as lost wax material, model, prototype design and so on, which greatly limits the promotion and usage of the technology. Why does this happen? It may be discussed from the materials and 3D printing technique as following.
Problems and challenges of photosensitive resins
4.1.1. Lack of photosensitive resin with high performance and low viscosity Currently, one common feature of all photocuring 3D printing technologies is that the photosensitive resin should have low viscosity or good fluidity. As we know, the resin with low viscosity is of small molecular weight, which induces the photocured materials with high crosslinking degree, further, leads the material hard and brittle. But if the molecular weight of photosensitive resin is large, the viscosity is very high. In order to be printable, it needs a lot of monomer to dilute, which causes the loss of good performance of the resin. This contradiction between the viscosity and the performance of the resin is difficult to be solved with present photocuring 3D printing. Therefore, the development of photosensitive resin with low viscosity and high performance is very necessary.
Difficult to print the photosensitive resin with high viscosity
Many photosensitive resins with high viscosity have good elasticity, toughness or other excellent properties. However, because the current printing technology cannot print high-viscosity resins, the properties of photopolymerization 3D printing materials are greatly limited. Therefore, development of technique to print high viscosity resin is currently important.
Printing without support pillars
Photopolymerization 3D printing is a process of transforming liquid resin into solid samples. During 3D printing, liquid resin cannot support the operation, therefore, adding support pillars is necessary to ensure the smooth printing process. However, removing the support pillars via manual is a time-consuming process. At present, the 3D printing process can be automated, but it still relies on manual to remove the support pillars, which adds a lot of labor costs to the 3D printing technique. Moreover, after removing the support column, the roughness of the surface increases, the step of polishing is inevitable. Therefore, to develop the support-free photopolymerization 3D printing is another research direction.
Development of photopolymerizable degradable resin
Since currently photocuring 3D printing objects can only be used as temporary materials, we can imagine that these materials will be discarded after a short period of usage, which would cause serious environmental pollution. However, photocuring 3D printing materials are highly crosslinked and cannot be directly recycled. Therefore, it is of great significance to develop photopolymerizable 3D printing materials with degradability.
Photocuring 3D printing biocompatible materials
3D printing is the best way to achieve personalized manufacturing, which matches the characteristic of biological tissue. Photopolymerization 3D printing, which has high printing precision and high speed, will have a very good application prospect in biological tissue. However, the biocompatibility of materials is very important for biomaterials. Thus, it is important to develop biocompatible materials for photopolymerization 3D printing [31] .
Problems and challenges of photocuring 3D printing technique
The research and development of 3D printing technology cannot be separated from materials, the characteristics of materials should be fully considered. At present, photocuring 3D printing has not yet make breakthroughs in these areas: (1) the printing size of DLP, LCD technique is small; (2) the light intensity of LCD is weak which cause the long printing time and low conversion degree; (3) the printing size of SLA technique is large, but the printing efficiency is low; (4) photocuring 3D printing resin with high viscosity; (5) there is no standard of the photocuring 3D printing technique; If the above problems can be solved, great progress will be made in photocuring 3D printing technology, which will broaden the application of photocuring 3D printing [32] .
Summary and prospect
As a model-free manufacturing technology, photocuring 3D printing with high printing speed and high precision is a very important 3D printing technique. However, the limited performance of the photosensitive resin and the bottlenecks of 3D printing technology restrict the application of photocuring 3D printing. Once the technical problems such as rapid curing, large size and high viscosity resin printing was solved, as well as the development of high-performance materials, biocompatible materials and degradable materials, the photocuring 3D printing will have a broad prospect.
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